Sepsis-induced lung injury is associated with high mortality. The present investigation evaluated the protective effect of hesperidin against sepsis-induced lung injury and also postulates the possible mechanism of its action.
Background
Sepsis is a systemic inflammation that occurs due to infection that causes multiple organ dysfunctions, including acute respiratory distress syndrome (ARDS) [1] . Type I alveolar epithelial cells are destroyed due to inflammation, but the exact pathogenesis of it not known. However, apoptosis is reported to have role in the development of lung injury [2] . The sepsis-induced lung injury mortality rate is very high and thus it is important to develop more therapeutic interventions for the management of lung injury [3] . Heat shock proteins (HSPs) are involved in the regulation of cellular homeostasis [4] . HSPs activate the process of apoptosis by stimulating adaptive and innate immunity [5] . HSP70 is involved in a number of cell process and is a highly inducible protein of the HSPs family. Overexpression of HSP70 is reported to enhance the resistance to hypoxia-induced lung and heart injury [6] . Moreover, Toll-like receptors (TLRs) have also been reported to have roles in bleomycin-or hypoxia-induced injury [7] . The literature reveals that the LTRs pathway is involved in immunity, inflammation, and microbial challenge-like events [8] .
In the last few decades, molecules from natural sources have been reported to be useful in the management of several disorders as an alternative medicine. Hesperidin is a flavonoid isolated from plants belonging to families Lamiaceae and Betulaceae [9] . The literature reveals that hesperidin attenuates apoptosis, hypotension, oxidative stress, and inflammation [10] [11] [12] . Moreover, it protects against neuronal injury by ameliorating oxidative stress and inflammation [12] . Hesperidin is also reported to have antimicrobial, anticancer, antiarthritic, antihypercholesterolemic, and antiatherogenic activity [13] [14] [15] . A study reported that hesperidin attenuate pancreatitis by inhibiting the TLR4/IRAK1/NF-kB pathway [16] . Thus, the present investigation evaluated the beneficial effects of hesperidin against sepsis-induced lung injury.
Material and Methods

Animal
Male albino mice (20-25 g) were procured from Shanghai Medical College, Shanghai, China. Mice were housed under standard conditions as per our institution's guidelines (humidity: 60±5%; temperature: 24±3°C) with a 12-h light/dark cycle and free access to standard chow diet and tap water. All the protocols of the study were approved by the Institutional Animal Care and Use Committee of Second Military Medical University, China (IACUC/SMMU/2017/08) and the study followed the guidelines of the Association for the Assessment and Accreditation of Laboratory Animal Care International (AAALAC) for experimentation and animal use.
Chemicals
Hesperidin was procured from Sigma Aldrich, USA. ELISA kits for IL-6, IL-1b, and TNF-a were purchased from Lifespan Biosciences, Inc., WA, USA. iNOS, NO, SOD, and MDA kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China).
Experiments
Lung injury was induced by sepsis in all animals, in which sepsis was produced by cecal ligation and puncture (CLP). All the mice were fasted overnight and anesthetized by pentobarbital (30 mg/kg, i.p.). The cecum was exposed to perform laparotomy. An 18-gauge needle was used twice to puncture below the ileocecal valve to ligate the cecum. The abdominal cavity was closed after returning the cecum. However, in the sham-operated group, only laparotomy was performed, without ligating the cecum. All animals were separated into 4 different groups: the control group, the negative control group, and the hesperidin 10 and 20 mg/kg groups (hesperidin 10 and 20 mg/kg, respectively, i.v. 30 min after surgery).
Assessment of PaO2/FiO2 ratio
All the animals were anesthetized 1 day after CLP. A 20-gauge catheter was used for endotracheal intubation in the mice and pure oxygen (7 ml/kg) was given later by mechanical ventilation. PaO2 analysis was done on arterial blood samples using a GEM Premier 3000 gas analyzer (Instrumentation Laboratory, Italy) after ventilating the animal for 15 min. The oxygenation index is expressed as PaO 2 /FiO 2 . Lungs were isolated from the animals, weighed, and cleaned of blood and water with filter paper. Later, lungs were dried by keeping them in an oven for 2 days, after which the dry weight was measured.
Isolation of lung
All the animals were sacrificed by cervical dislocation method and lungs were isolated from each animal. Lobes were separated out from the isolated lung and 5-μm sections were prepared for histochemical analysis. The other lobes were homogenized with 0.9% saline solution and protein was extracted.
Histopathological analysis
All the animals were sacrificed and lungs were isolated. Isolated lungs were fixed in formalin (10%) for 3 days. Slices of pulmonary lobes were seeded in the paraffin and a microtome was used to make 3-μm sections. Hematoxylin and eosin was used to stain the lung tissue sections. Using a scale of 0-3, we assessed infiltration of inflammatory cells, necrosis, interstitial edema, and hemorrhage. 
Determination of pro-inflammatory mediators
ELISA assay was used for the estimation IL-6, IL-1b, and TNF-a in the serum as per the instructions of the manufacturer. We used a nitrite/nitrate colorimetric assay kit to estimate the level of nitrite in the serum of CLP-induced lung injury mice.
Determination of markers of oxidative stress
Levels of oxidative stress markers iNOS, NO, SOD, and MDA in the lung tissue homogenate were estimated using the kits and methods according to the instructions of the manufacturer.
Western blot
Isolated lungs were homogenized with 62.5 mM Tris buffer and RIPA lysis buffer was used to lyse the cells. BCA Protein Assay was used to estimate the concentration of protein in the lysate, and proteins were separated by ready-made TrisHCl gel (12%). Proteins were transferred onto nitrocellulose membranes and incubated overnight with caspase-3 (1: 500), Bcl-2 (1: 1000), TLR4 (1: 1000), Hsp70 (1: 1000), and b-Actin antibody (Santa Cruz Biotechnology Inc., Santa Cruz, USA). HRPconjugated goat anti-rabbit IgG antibody was used to incubate the membrane and a chemiluminescence Lumi GLO detection kit was used for the detection of signals.
Immunofluorescence assay
Isolated lungs were sliced and incubated for overnight at 4°C with MyD88 and TLR4 antibodies (Santa Cruz, California, USA) for immunofluorescence staining. Thereafter, PBS was used to wash the lung tissue and fluorescein-labeled secondary antibody was incubated with the lung tissue for 1 h. DAPI (5 µg/ml) was used for the staining of cell nuclei. A fluorescence microscope was used to capture immunostained images.
Statistical analysis
All data are expressed as mean ±SEM (n=6). The statistical analysis was performed using one-way ANOVA. Post hoc comparison of means was carried out by Dunnett's post hoc test (Gradpad prism 6.1., CA, USA) multiple comparisons. The level of statistical significance was set at P<0.05.
Result
Hesperidin attenuates the oxygenation index Figure 1 shows the effect of hesperidin on oxygenation index and wet/dry weight ratio of lungs in CLP-induced lung injured mice. Oxygenation index was estimated by determining PaO2/FiO2 ratio. The ratio of wet/dry weight of lungs was found to be significantly enhanced and the PaO2/FiO2 ratio was significantly (p<0.01) reduced in the negative control group compared to the control group. However, the oxygenation index (PaO2/FiO2 ratio) was significantly enhanced and the ratio of wet/dry weight of lungs was significantly reduced (p<0.01) in the hesperidin-treated group compared to the negative control group.
Effect of hesperidin on histopathology of lung tissue
Effect of hesperidin on the histopathology of lung in CLPinduced lung injury mice was estimated by H&E staining. Treatment with hesperidin attenuated the histopathological changes in the CLP-induced lung injury tissue (Figure 2A) . Lung tissue was observed by calculating the score of lung injury. There was a significant increase in the hemorrhage, necrosis, edema, and neutrophil scores in the lung tissues of the negative control group compared to the control group. However, treatment with hesperidin significantly (p<0.01) reduced the injury scores of hemorrhage, necrosis, edema, and 
Hesperidin attenuates pro-inflammatory mediators
Effects of hesperidin on the level of pro-inflammatory mediator TNF-a, IL-6, and IL-1b in the lung tissue of CLP-induced lung injury mice is shown in Figure 3 . Treatment with hesperidin significantly decreased (p<0.01) the levels of pro-inflammatory mediators compared to the negative control group.
Effect of hesperidin on markers of oxidative stress
The effects of hesperidin on the markers of oxidative stress (iNOS, NO, MDA, and SOD) in the lung tissues of CLP-induced lung injury mice are shown in Figure 4 . Levels of NO and MDA were significantly enhanced in the lung tissue homogenate of the negative control group compared to the control group. However, SOD activity was significantly (p<0.01) reduced and iNOS was significantly enhanced (p<0.01) in the lung tissues of the negative control group compared to the control group. Treatment with hesperidin attenuated the altered level of NO and MDA and activity of iNOS and SOD in the lung tissues of CLP-induced lung injury mice.
Hesperidin attenuated the expression of Bcl-2, caspase-3, TLR-4, and HSP70
Effects of hesperidin on the expression of Bcl-2, caspase-3, TLR-4, and HSP70 protein in the lung tissues of CLP-induced lung injury mice were determined by Western blot assay as shown in Figure 5 . There was a significant (p<0.01) increase in the expression of TLR-4 and caspase-3 protein and decreased expression of Bcl-2 and HSP-70 protein in the lung tissues of the negative control group compared to the control group. However, treatment with hesperidin significantly attenuated the altered expression of Bcl-2, caspase-3, TLR-4 and HSP70 protein in the lung tissue of CLP-induced lung injury mice.
Hesperidin attenuated the expression of MyD88 and TLR4
Effects of hesperidin on the expression of MyD88 and TLR4 proteins in the lung tissue of CLP-induced lung injury mice by immunofluorescence assay are shown in Figure 6 . It was observed that treatment with hesperidin significantly attenuated the altered level of expression of MyD88 and TLR4 proteins in the lung tissues of CLP-induced lung injury mice. 
Discussion
Sepsis a cause of lung injury that has a high mortality rate [17] . Thus, the present investigation evaluated the protective effect of hesperidin against sepsis-induced lung injury and also explored the possible molecular mechanism of its action. Effects of hesperidin were evaluated by determining oxygenation index, wet/dry weight ratio, and injury score from histopathological changes in the lung tissue of CLP-induced lung injury mice. ELISA, Western blot, and immunofluorescence assays were also performed to estimate the effect of hesperidin on the lung tissue of CLP-induced lung injury mice.
Inflammation and oxidative stress are major causes of organ injury due to sepsis [18] . Pro-inflammatory mediators such as Il-6, IL-1b, and TNF-a and oxidative stress enhance the process of apoptosis by enhancing the activity of caspase-3 enzyme in lung tissues [19] . Our study reveals that treatment with hesperidin attenuated the altered level of markers of oxidative stress and pro-inflammatory mediators in the CLPinduced lung injury tissues in a dose-dependent manner. HSP70 is also reported to have anti-inflammatory activity and has the potential to protect against cell injury [20] . Expression of HSP70 was reported to be reduced in sepsis-induced lung injury tissues [21] and results of the present investigation reveal that the expression of HSP70 significantly enhanced in hesperidin-treated group compared to the negative control group in a dose-dependent manner.
It was reported that in lung injury the level of pro-inflammatory mediators were enhanced by stimulation of the TLR4/MyD88 pathway [22] . Moreover, TLR4 also enhances the production of reactive oxygen species, which further enhances the oxidative stress in lung tissue [23] . Oxidative stress and inflammatory cytokines cause organ injury in sepsis [4] . Data from Western blot and immunofluorescence assays suggest that the expression of TLR4/MyD88 protein in the CLP-induced lung injury tissue was attenuated in the hesperidin-treated group in a dose-dependent manner.
Conclusions
We found that hesperidin protects against lung injury by attenuating the TLR4/MyD88/HSP70 pathway. Levels of pro-inflammatory mediators and markers of oxidative stress were also significantly ameliorated in the lung tissue of CLP-induced lung injury mice. Our results show that hesperidin has potential utility in clinical management of lung injury.
